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Particle-image velocimetry experiments are performed to study the response of smooth-
wall turbulent channel flow to a short fetch of roughness (ten outer length scales long).
The roughness studied herein is replicated from a surface scan of a damaged turbine blade
and contains both large- and small-scale surface defects attributable to pitting, deposition
and spallation. Quadrant analysis is used to investigate the characteristics of Reynolds-
stress-producing events within the internal layer that develops over the roughness. The
total mean Reynolds stress is dramatically increased in the presence of the roughness as
compared to the smooth-wall baseline owing to an increased number of extremely intense
ejections and sweeps. In contrast, inward and outward interactions, as well as relatively
weak ejection and sweep events, are found to be insensitive to the surface conditions.
While the stress and space fractions for all Reynolds-stress-producing events are found to
be insensitive to the surface topology, the most intense ejection and sweep events yield
stress and space fractions that vary significantly with the local surface topology.
I. Introduction
It is well known that an abrupt transition from smooth-to-rough surface conditions promotes the forma-
tion of an internal roughness layer that grows in thickness downstream.1 In such situations, the turbulence
intensities and Reynolds shear stress are unaffected except within the internal layer where they can be signif-
icantly altered by the surface roughness [2,3, among others]. Such abrupt transitions can occur frequently in
actual engineering systems where the surface conditions can vary significantly in the dominant flow direction.
Many studies have been performed in the presence of rather idealized roughness conditions, like sandgrain,
ordered arrays of elements and woven mesh. However, roughness encountered in most practical engineering
applications is quite distinct from these idealized roughness models. The surface conditions in such flows
can degrade over time, from hydraulically smooth prior to deployment to significantly roughened over time
due to harsh operating conditions, like damage imparted to turbine blades4,5 or cumulative algae/barnacle
buildup on the surfaces of submarines and ships,6 for example. In the case of damaged turbine blades,
surface roughness is attributable to deposition of foreign materials, pitting, and spallation, rendering the
surface conditions highly non-uniform. As such, a single roughness type and scale cannot be expected to
be a sufficient representation of real roughness. In particular, Bons5 used scaled replicas of turbine-blade
roughness in turbulent boundary layer studies and found that classical rough-wall scalings derived from sim-
ulated roughness do not hold for some real roughness conditions. Therefore, it is not clear whether studying
the influence of idealized roughness conditions on wall-bounded turbulence will be sufficient for successfully
modeling and controlling flows of practical engineering interest in which the surface conditions are less than
ideal. The present effort assesses the Reynolds-stress-producing events in the presence of both smooth and
rough walls, but the roughness considered herein is replicated from a surface scan of a damaged turbine
blade and is therefore highly irregular.
Quadrant analysis,7,8 first introduced over thirty years ago, allows one to investigate the strongest
Reynolds-stress-producing events in turbulent flows. This method decomposes the Reynolds shear stress,
〈uv〉(y), outside of a hyperbolic hole region of size H into four distinct Reynolds-stress-producing events
based on the quadrant in the u−v plane, Q, in which they reside. These events include outward interactions
(Q1: u > 0, v > 0), ejections (Q2: u < 0, v > 0), inward interactions (Q3: u < 0, v < 0) and sweeps (Q4;
1
u > 0, v < 0). This decomposition methodology has been used extensively to study the Reynolds-stress-
producing events in turbulent boundary layers, turbulent channel and turbulent pipe flows. In the wall
region of a smooth-wall turbulent channel flow, Wallace et al.7 found that ejections and sweeps represented
the dominant Reynolds-stress-producing events, with each contributing nearly 70% to the total Reynolds
stress at y+ ' 15 while inward and outward interactions each yielded 20% contributions. Their results also
indicated that below y+ ' 15 the sweeps and outward ejections were more dominant while beyond y+ ' 15
ejections and inward interactions became more important contributors. By comparing the joint probability
density distributions of the u and v fluctuating velocities with the Reynolds stress contribution distributions,
Wallace and Brodkey9 concluded that most of the Reynolds stress was generated by the large, energetic mo-
tions. Teitel and Antonia10 applied quadrant analysis to investigate the interaction region of a turbulent
channel flow and their results indicated that ejections originating on one side of the centerline can often reach
the opposing wall. Finally, Sabot and Comte-Bellot11 studied the intermittent coherent structures in the
core region of a smooth-wall turbulent pipe flow and determined that ejections dominated the wall region.
Quadrant analysis has also been used to assess differences between the Reynolds-stress-producing events in
smooth- and rough-wall flows. Grass12 investigated intermittent ejections and sweeps in rough-wall boundary
layers using hydrogen bubble visualization and found that the entrainment of low momentum fluid trapped
between the roughness elements was much more violent than the entrainment of smooth-wall viscous sublayer
fluid. Raupach13 observed that sweeps accounted for most of the stress near rough surfaces and that the
relative magnitude of the sweep component increased both with surface roughness and with proximity to the
surface. Similarly, Krogstad et al.14 observed that contributions from sweeps were significantly greater over
rough surfaces (wire mesh) than over smooth surfaces, particularly in the near-wall region. They also found
that strong ejections and sweeps occurred almost twice as frequently in the presence of surface roughness.
More recently, Demare et al.15 observed that ejections accounted for 80% of the total Reynolds stress for
flow over a smooth wall but only 60-65% in the presence of a rough wall composed of two-dimensional square
bars. Further, recent direct numerical simulations (DNS) and experiments by Krogstad et al.16 in a channel
flow roughened on both walls with square bars showed little influence of roughness on the Reynolds stress
outside the roughness sublayer (y > 5k), particularly in the ratio of ejection to sweep contributions for
intermediate roughness heights. This behavior is consistent with the experiments of Flack et al.17 for flow
over sandpaper and wire mesh where the ratio of ejections to sweeps was found to be insensitive to surface
roughness in the outer layer. In contrast, the experiments of Nakagawa and Hanratty18 over wavy walls in
channel flow indicate that this ratio is strongly influenced by surface roughness well outside the roughness
sublayer for roughness heights beyond the intermediate regime. However, it should be noted that all of these
studies involved long streamwise fetches of roughness (exceeding fifty outer length scales in all cited cases).
The use of quadrant analysis to study the Reynolds-stress-producing events in the presence of a short fetch
of roughness has received little attention, particularly for non-ideal surface roughness, and is therefore the
focus of the present effort.
II. Experiment
The channel-flow facility used in the present effort has a development length of 216h (where h = 25.4mm
is the half-height of the channel) and an aspect ratio of 10.125:1, yielding two-dimensional flow along the
channel’s spanwise centerline. The working fluid of the channel is air and the flow is suitably conditioned
upstream of the channel entrance by a series of screens, honeycomb and a contraction. The flow is then
tripped with 36-grit sandpaper, ensuring fully-developed conditions at the test section (The flow quality of
this channel has been well documented in past turbulence studies19,20). Static pressure taps are mounted
along the length of the channel’s development section to evaluate the wall shear stress, τw. Density and
viscosity are assessed from measurements of the atmospheric pressure and fluid temperature and are then
used to determine the smooth-wall friction velocity, uτ ≡ (τw/ρ)
1/2, and the viscous length scale, y∗ ≡ ν/uτ .
The roughness studied herein is quite distinct from other roughness conditions presented in the literature,
some of which are cited in the introduction. The present effort focuses on roughness replicated from a surface
scan of a damaged turbine blade (denoted surface 3 in Bons5). The surface imperfections often encountered on
these blades are attributable to deposition of foreign material, pitting, and spallation, all of which render the
surface conditions highly non-uniform. Therefore, a single roughness type and scale, such as those extensively
cited in the literature, cannot be expected to be a sufficient representation of this form of “real” roughness.
This particular scan was chosen from the six scans discussed in Bons5 because it embodies both large- and
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Figure 1. Contour plot of the surface topology of the replicated turbine-blade roughness. The abscissa
indicates the position relative to the leading edge of the roughness panel and the dashed lines demarcate the
streamwise–wall-normal planes where PIV measurements are made.
small-scale topological features. Figure 1 presents a contour plot of the surface topology at the downstream
end of the roughness insert, illustrating the highly non-uniform surface conditions. A file containing the
topological data is input into a three-dimensional printer with 80µm resolution which constructs a physical
replica of the roughness layer by layer. A smooth leading edge of length 0.75h transitions the flow from the
smooth- to rough-wall conditions and the surface topology is periodically-extended in both the streamwise
and spanwise directions to fill the entire insert area, consistent with the replications of Bons.5 The average
peak-to-valley roughness height, often used as an estimate of k,5 is 1.35mm, yielding h/k = 18.8.
A new test section was designed and constructed allowing a roughness insert to be placed flush along the
bottom wall of the channel. The surface roughness is first mounted on an cast aluminum plate which then
rests upon three screws within the test section that allow one to adjust the mean elevation of the roughness to
be coincident with the upstream smooth wall. The insert is 10h long in the streamwise direction but spans the
entire width of the channel. As such, these measurements represent the influence of a short fetch of highly-
irregular roughness on the character of fully-developed turbulent channel flow. Further, while the roughness
insert impedes optical access from below, such access is still achieved with glass windows embedded in the
top and side walls of the channel (above and on both sides of the roughness insert, respectively). Smooth-wall
measurements are achieved with an anodized cast aluminum plate inserted in place of the roughness panel.
Particle-image velocimetry (PIV) is used to measure two-dimensional velocity (u˜, v˜) fields over an h ×
h field of view in the streamwise–wall-normal plane along the channel’s spanwise center for smooth-wall
conditions (SM) and two spanwise separated rough-wall positions (R1 and R2), the latter of which are
illustrated in figure 1. These two distinct spanwise positions were chosen to assess how distinct local surface
features exert their influence upon the flow. Position R1 occurs over relatively small-scale roughness while
position R2 is just downstream of a step in surface height from a large-scale, deep depression to a plateau.
The air flow in the channel is seeded with 1µm olive-oil droplets, a dual-cavity Nd:Yag laser is used for
illumination and the scattered light from the particles is imaged with an 8-bit 1 k× 1 k cross-correlation
CCD camera. The pairs of PIV images are interrogated using two-frame cross-correlation methods using first-
interrogation windows of size 18 × 18 pixels (streamwise×wall-normal) at 50% overlap to satisfy Nyquist’s
criterion. These parameters yield vector grid spacings of ∆x = ∆y = 18.9ySM∗ , 19.8y
SM
∗ and 21.0y
SM
∗
for cases SM, R1 and R2, respectively. A larger second window of 24 × 22 pixels is chosen to minimize
3
Experiment Reτ u
SM
τ (m/s) y
SM
∗ (µm) ∆x
+, ∆y+ k+ = k/ySM∗ h/k
SM 1832 1.12 13.9 18.9 97 18.8
R1 1828 1.12 13.9 19.8 97 18.8
R2 1815 1.12 14.0 21.0 96 18.8
Table 1. Summary of flow parameters for all experiments.
any bias errors associated with loss of particle pairs and the second window is offset in the mean flow
direction by the bulk displacement of the flow in order to further increase the fidelity of the correlation. The
resulting vector fields are then validated using standard deviation and magnitude difference comparisons to
remove any erroneous velocity vectors. On average, 97–99% of the velocity vectors in any given velocity
realization are found to be valid, minimizing the need for interpolation of holes. Finally, each velocity field
is low-pass filtered with a narrow Gaussian filter to remove noise associated with frequencies larger than
the sampling frequency of the interrogation. The relative velocity measurement error is less than 1% based
on the standard absolute measurement error associated with PIV of 0.1 pixels21 and a bulk displacement of
10–12 pixels achieved through selection of an appropriate time delay between the PIV images (13µs for cases
SM and R1 and 14µs for case R2).
The measurements are performed at the same friction Reynolds number (Reτ = uτh/ν) based on the
upstream smooth-wall flow conditions of approximately 1830. The roughness Reynolds number based on
the viscous length scale of the upstream smooth-wall conditions, k+ = k/ySM∗ , is 97 which is close to the
fully-rough regime. This value of k+ is in fact a lower bound on the actual roughness Reynolds number
because y∗ over the roughness is expected to be smaller than y
SM
∗ since the wall shear stress, and hence
uτ , would be enhanced by the roughness. However, an accurate measure of the wall shear stress over the
roughness was not available and so the smooth-wall values are used as a baseline. Several thousand PIV
realizations are acquired at each condition, ensuring proper convergence of single- and multi-point statistics.
Table 1 summarizes the experimental parameters.
III. Results and discussion
A. Reynolds stress profiles
Figure 2 presents the total Reynolds stress over smooth and rough walls as a function of wall-normal position
(u and v represent the Reynolds-decomposed streamwise and wall-normal velocity fluctuations, respectively).
These profiles are computed from velocity ensembles exceeding 3500 statistically-independent realizations per
condition. The lines in figure 2 represent ensemble- and streamwise-averaged profiles for the three cases while
the symbols represent the ensemble-averaged profiles for case R2 at the upstream (x = 7h) and downstream
(x = 8h) ends of the PIV field of view (to be discussed below). The wall-normal origin is taken to be the
mean elevation of the roughness, which is consistent with the streamwise–spanwise plane at which the wall
shear stress appears to act [22, for example], and the upstream smooth-wall friction velocity, uSMτ , is used to
normalize the Reynolds shear stress since an accurate measure of the local shear stress over the roughness
was not available. As such, any collapse of the roughness profiles with the smooth-wall data does not imply
outer-layer similarity but simply the existence of smooth-wall outer-layer conditions. An internal roughness
layer has clearly formed as is notable in the R1 and R2 profiles, with a significant enhancement in the total
Reynolds stress in the presence of the replicated turbine-blade roughness. However, the internal roughness
layer only protrudes to y = 0.35h, not even halfway to the centerline of the channel, even after nearly eight
outer length scales of development downstream.
The R2 profiles highlight the strong influence that the local roughness topology can have on the flow.
Recalling that the R2 measurements occur just downstream of a distinct step from a deep pocket to a plateau
(near x = 6.75h in figure 1), the Reynolds stress at x = 7h for case R2 (¤ symbols) is significantly enhanced
compared to the smooth-wall results, case R1 (relatively fine-scale roughness) and even the R2 profile further
downstream at x = 8h (© symbols). Examination of the ensemble-averaged Reynolds stress for the R2 case
(figure 3) indicates that this abrupt step in surface roughness generates a thin, elongated region of intense
Reynolds stress near x = 7h, with heightened levels of 〈uv〉 extending at least 1.25h downstream of the
step. This region of enhanced Reynolds stress is most-likely associated with the wake generated by the
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Figure 2. Total Reynolds stress as a function of wall-normal position.
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Figure 3. Ensemble-averaged Reynolds stress for case R2.
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Figure 4. Probability density functions of uv normalized by |〈uv〉|SMmax at (a) y = 0.1h, (b) y = 0.2h, (c) y = 0.5h
and (d) y = h. ¤: SM; 4: R1; ©: R2. Every fourth point is shown for clarity.
abrupt, large-scale step in surface roughness noted earlier. This behavior is similar to what one would
observe in an array of discrete roughness elements where each element generates a wake that contributes
significantly to the local flow behavior.23 As such, dramatic local changes in the surface topology generate
localized flow modifications that can persist for some appreciable distance downstream. In contrast, these
flow modifications do not appear to alter the wall-normal growth of the internal layer since all the roughness
profiles collapse onto the smooth-wall result near y = 0.35h.
Figure 4 presents probability density functions (pdf’s) of uv at y = 0.1h, 0.2h, 0.5h and h normalized
by the absolute value of the maximum Reynolds stress from the smooth-wall case: |〈uv〉|SMmax. This value is
chosen as a universal normalization so that the relative enhancement of the Reynolds-stress-producing events
by the surface roughness can be directly observed. As expected, the pdf’s are notably skewed toward negative
values for y = 0.1h, 0.2h, 0.5h in both the smooth- and rough-wall cases, consistent with the mean total
Reynolds stress profiles shown in figure 2. In contrast, symmetry in the uv pdf’s is noted at the centerline
of the channel where the total mean Reynolds stress is zero. In addition, it is observed that a vast majority
of the Reynolds-stress-producing events are quite small in magnitude, whereas only a small number of uv
events yield extremely large instantaneous Reynolds shear stress in both the smooth- and rough-wall cases.
Figure 4(a) indicates that the surface roughness generates a larger number of significant negative uv
events at y = 0.1h (within the log layer) compared to the smooth-wall case. This behavior is most notable
for case R2 where the largest enhancement of the mean Reynolds stress was observed. In contrast, the
number of significant positive uv events increases only slightly in the presence of surface roughness. Further,
the roughness has little effect on both the negative and positive uv events with relatively small magnitude
(uv < 4|〈uv〉|SMmax). At y = 0.2h (figure 4(b)), the enhancement of uv by the surface roughness is weaker
than at y = 0.1h but still notable in the negative tails of the pdf’s. Outside the internal layer at y = 0.5h
(figure 4(c)), the pdf’s collapse irrespective of surface condition which is consistent with the collapse of the
mean total Reynolds stress profiles in this wall-normal region (figure 2). The pdf’s become symmetric at the
centerline (figure 4(d)), although uv events several times larger than |〈uv〉|SMmax can still exist. This latter
observation is quite consistent with the results of Sabot and Comte-Bellot11 for turbulent pipe flow. Taken
together, these results suggest that the surface roughness studied herein only alters the tails of the uv pdf’s
through the generation of significant instantaneous positive and negative uv events, more so the latter than
the former, while having little influence on uv events of smaller magnitude.
The pdf’s of uv for four wall-normal locations are presented in figure 5(a–c) for the SM, R1 and R2 cases,
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Figure 5. Probability density functions of uv normalized by |〈uv〉|SMmax for (a) SM, (b) R1 and (c) R2 at various
wall-normal locations. ¤: y = 0.1h; 4: y = 0.2h; ©: y = 0.5h; ♦: y = h. Every fourth point is shown for clarity.
respectively. It is interesting to note that the pdf’s of positive uv events remain relatively unchanged from
the log layer (y = 0.1h) to the centerline in the smooth-wall case (figure 5(a)), indicating that the turbulent
motions responsible for such contributions maintain their intensities across the outer layer. The same cannot
be said of the negative uv events in the smooth-wall case as the negative tails of the uv pdf’s show a distinct
wall-normal dependence. Similar wall-normal behavior is noted in both roughness cases (figure 5(b) for R1
and figure 5(c) for R2), although the negative and positive uv tails show notable enhancement within the
internal layer.
B. Quadrant analysis
The results presented in figures 2–5 indicate that the surface roughness replicated from a damaged turbine
blade yields a net increase in the mean Reynolds stress through the generation of significant, yet highly
intermittent, instantaneous negative uv events. However, it is not known whether these negative uv events
are associated with an increased number of ejections, sweeps or both. Likewise, the surface roughness also
appears to generate an increased number of significant positive uv events, albeit a much smaller number
than the negative uv events, yet it is not clear if this is associated with an increased incidence of outward
interactions, inward interactions or both. Therefore, quadrant analysis is used to identify the principal
contributors to the Reynolds-stress enhancement noted in the presence of surface roughness.
The total Reynolds stress at each wall-normal position can be decomposed into contributions from four
quadrants (Q = 1− 4), excluding a hyperbolic hole of size H, as
〈uv〉Q(y) =
1
N
N∑
j=1
u(xj , y)v(xj , y)IQ(xj , y) (1)
where IQ is the indicator function defined as
IQ(xj , y) =
{
1 when |u(xj , y)v(xj , y)|Q ≥ H|〈uv〉|
SM
max
0 otherwise
, (2)
and N is the total number of vectors at each wall-normal position. Hence, the summation in equation (1)
represents an ensemble average amongst statistically-independent realizations and a line average in the
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streamwise direction for fixed wall-normal location. As noted earlier, a universal threshold |〈uv〉|SMmax is used
to define IQ so that the enhancement of Reynolds-stress-producing events due to the surface roughness can
be clearly identified relative to the smooth-wall case. In addition, a non-zero hole size, H, is used to exclude
uv events of small magnitude in order to determine the relative contributions of the significant uv events
identified in the previous section.
Quadrant analysis yields three quantities of interest in assessing the overall contributions of ejections,
sweeps and inward/outward interactions to the mean Reynolds stress:
1. The Reynolds stress contributed by each quadrant for a given H: 〈uv〉Q(y);
2. The stress fraction associated with each quadrant event for a given H:
SQ(y) =
〈uv〉Q(y)
〈uv〉(y)
; (3)
3. The space fraction occupied by each quadrant for a given H:
NQ(y) =
∑
IQ(y)
N
. (4)
Three hole sizes, H = 0, 2, and 5, are studied and represent contributions to the total mean Reynolds stress
from all, only moderate-to-strong events and only strong events, respectively. However, only the results for
H = 0 and H = 5 will be presented herein as the H = 2 trends are qualitatively similar to those at H = 5.
Further, the wall-normal trends of these quantities are only presented within the internal layer (y < 0.35h)
where the surface roughness exerts its influence.
Figure 6 presents the Reynolds stress contributions, 〈uv〉Q, from ejections, sweeps and inward/outward
interactions corresponding to H = 0 for the smooth and rough cases as a function of wall-normal position.
The case H = 0 implies that
4∑
Q=1
〈uv〉Q(y) = 〈uv〉(y), (5)
meaning that all contributions to the mean Reynolds stress, intense and weak, are included in this quadrant
decomposition. Surface roughness significantly enhances the Reynolds-stress contributions of ejections and
sweeps while increasing the contributions from the inward/outward interactions only slightly. The R2 case
displays the largest increase in ejection and sweep contributions, consistent with the observations noted
earlier. In addition, ejections and sweeps appear to contribute equally to the mean Reynolds stress for
y < 0.1h; however, for y > 0.1h, the contributions from ejections begin to outweigh those from sweeps.
As with the total Reynolds stress profiles presented in figure 2, the contributions presented in figure 6 are
normalized by the smooth-wall friction velocity since measurements of the wall shear stress over the roughness
were not available.
While the absolute contributions of Reynolds-stress-producing events, particularly ejections and sweeps,
are altered in the presence of surface roughness, the stress fractions show little dependence on surface
roughness (figure 7). In particular, ejections account for roughly 60–70% of the mean Reynolds stress while
sweeps account for approximately 60% in the region y < 0.35h in both the smooth- and rough-wall cases. The
inward and outward interactions generate stress fractions with magnitudes more than three times smaller
than those of the ejections and sweeps over the same wall-normal extent. Finally, surface roughness appears
to have little influence on the space fractions of the ejections, sweeps and inward/outward interactions as the
smooth- and rough-wall results collapse in the region y < 0.35h (figure 8). Ejections and sweeps are found
to occupy a significant fraction of space in this wall-normal region, accounting for nearly 70% of the events
for H = 0 irrespective of surface condition with the remaining 30% associated with inward and outward
interactions.
Figure 9 presents the Reynolds stress contributions from ejections, sweeps and inward/outward interac-
tions corresponding to H = 5 for the smooth and rough cases. The use of H = 5 ensures that only the
most intense Reynolds-stress-producing events are considered in the quadrant decomposition. For H = 5,
the contributions from both outward and inward interactions are essentially zero for both the smooth- and
rough-wall cases. In contrast, both ejections and sweeps show clear dependence on the surface conditions as
both the R1 and R2 cases yield a significant enhancement of the smooth-wall contributions of such events,
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Figure 6. Contributions of each quadrant to the mean Reynolds stress, 〈uv〉Q, as a function of wall-
normal position for H = 0. (a) Ejections; (b) Outward interactions; (c) Inward interactions; (d) Sweeps.
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Figure 7. Stress fractions contributed by each quadrant, SQ, as a function of wall-normal position for H = 0.
(a) Ejections; (b) Outward interactions; (c) Inward interactions; (d) Sweeps. ¤: SM; 4: R1; ©: R2.
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Figure 9. Contributions of each quadrant to the mean Reynolds stress, 〈uv〉Q, as a function of wall-
normal position for H = 5. (a) Ejections; (b) Outward interactions; (c) Inward interactions; (d) Sweeps.
¤: SM; 4: R1; ©: R2.
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Figure 10. Stress fractions contributed by each quadrant, SQ, as a function of wall-normal position for H = 5.
(a) Ejections; (b) Outward interactions; (c) Inward interactions; (d) Sweeps. ¤: SM; 4: R1; ©: R2.
most notably in the case of R2. The contributions from ejections are found to be slightly larger than those
of sweeps except close to the wall where sweeps contribute slightly more to the overall Reynolds stress com-
pared to ejections. These wall-normal trends are consistent with the recent results of Flack et al.17 over long
streamwise fetches of sandpaper and wire mesh.
This dependence of the Reynolds stress contributions on surface condition for H = 5 is also notable in the
stress fractions presented in figure 10 where the R1 and R2 cases yield ejection stress fractions significantly
larger than the smooth-wall case for y < 0.35h while the same rough-wall cases yield enhanced sweep stress
fractions for y < 0.2h. Therefore, while the stress fractions for H = 0 display little sensitivity to the surface
conditions, the stress fractions associated with the most intense uv events display significant dependence on
the surface topology. Further, the stress fractions associated with inward/outward interactions are found to
be nearly zero for H = 5, meaning that the most intense Reynolds-stress-producing events are almost always
ejections or sweeps, irrespective of surface condition.
While ejections and sweeps account for the most intense uv events, they occupy very little physical space
(figure 11). In particular, while intense ejections and sweeps together account for as much as 70–80% of
the mean Reynolds stress (most notably in case R2), these events occupy only a small fraction of space,
with the space fraction increasing slightly in the presence of roughness. This slight increase of NQ in the
presence of surface roughness is consistent with the pdf’s of uv presented in figure 4 which illustrate that
surface roughness generates a larger number of significant ejection and sweep events. Most notably, the R2
case generates the largest space fraction for both ejections and sweeps, 3–6%, attributable to the generation
of many more intense uv events compared to the smooth-wall case and even the R1 case. Therefore, while
the overall (H = 0) stress and space fractions are unaffected by the surface conditions, the stress and space
fractions of the most intense uv events are strongly correlated with the surface topology as evidenced by the
notable differences between the smooth-wall, R1 and R2 cases for H = 5.
Finally, the relative contributions of ejections and sweeps as a function of wall-normal position can be
quantified by the ratio
α(y) =
〈uv〉2(y)
〈uv〉4(y)
, (6)
where α > 1 and α < 1 represent stronger/weaker contributions to the mean Reynolds stress from ejections
than sweeps, respectively. For H = 0 (figure 12(a)), α slowly increases from one near the wall to nearly 1.4
at the edge of the internal layer (y = 0.35h). In addition, α displays no dependence on surface condition as
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the smooth- and rough-wall results collapse for H = 0, consistent with the collapse of the stress and space
fractions for H = 0 (figures 7 and 8). Figure 12(b) presents α as a function of wall-normal position for
H = 5. These results suggest that intense ejections dominate over intense sweep events in all regions except
the very near-wall region where α is near one. In addition, α is found to be relatively insensitive to the
surface topology close to the wall where the smooth- and rough-wall cases collapse. This collapse irrespective
of surface topology is quite interesting since the stress and space fractions of ejections and sweeps display
significant dependence on the surface conditions. However, for y > 0.1h, this ratio increases slightly in the
presence of roughness, indicating a slightly larger contribution from ejections than sweeps at the outer edge
of the log layer. Of interest is the fact that the wall-normal trends of α for H = 5 are consistent with the
trends noted in Flack et al.17 for H = 2 over much simpler roughness surfaces (sandpaper and wire mesh).
IV. Summary
The dominant Reynolds-stress-producing events in smooth-wall turbulence and turbulence over a short
strip of roughness replicated from a damaged turbine blade are found to show significant dependence on
the surface conditions. In particular, the total mean Reynolds stress is found to increase dramatically,
particularly in regions where the surface topology contains large-scale defects. This increase is most-likely
associated with an increase in the overall wall shear stress in the presence of the roughness. Probability
density functions of uv indicate that, while positive uv events are relatively unaffected by the presence of
surface roughness, the number of intense negative uv events increases dramatically over the roughness. This
increased occurrence of intense negative uv events, coupled with the insensitivity of positive uv events to
surface roughness, clearly accounts for the dramatic increase in the total mean Reynolds stress within the
internal layer. Further, the local topology plays a crucial role in the enhancement of the mean Reynolds
stress as large-scale surface defects are found to generate significant, but localized, Reynolds-stress-producing
events. This latter observation is consistent with the behavior often noted in studies of discrete roughness
elements where the wake of each element significantly alters the local flow character.
Quadrant analysis reveals that surface roughness significantly increases the overall contributions of ejec-
tions and sweeps to the total mean Reynolds stress compared to the smooth-wall case. In contrast, the inward
and outward interaction contributions remain relatively unchanged in the presence of surface roughness. For
H = 0, the stress and space fractions of ejections, sweeps and inward/outward interactions are found to be
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insensitive to the surface topology. This behavior is consistent with the pdf’s of uv events which showed
clear insensitivity to the surface conditions for weak negative and positive uv events. In contrast, the most
intense uv events generate stress and space fractions that show strong dependence on the surface topology,
indicating that the increase in the total mean Reynolds stress is directly attributable to the generation of
extremely intense, yet highly intermittent, ejections and sweeps.
Finally, the fact that the H = 0 stress and space fractions display insensitivity to surface roughness,
coupled with the fact that the ratio of ejections to sweeps, α, shows little sensitivity to surface topology,
indicates that the flow over the replicated turbine-blade roughness and smooth-wall turbulence may indeed
be similar in the spirit of outer-layer similarity. Further, given that many of the trends noted herein are
consistent with other studies over idealized roughness conditions, studies of idealized surface roughness
(sandgrain, discrete elements, etc.) may in fact be sufficient for describing the influence of highly irregular
surface conditions on the flow. An accurate measure of the wall shear stress over the rough surface would
be needed to confirm these conjectures and such a measure was unfortunately not available in the present
experiments.
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